The indigenous vegetation of 'Eua Island, Tonga, is described and a species list presented. Quantitative data were collected from 40 forest plots in which all vascular plant species were recorded and the diameters of all stems > 5 cm dbh were measured. Plot classification, based on basal area data, identified six forest types, two coastal and four inland, which reflect an elevational sequence from the coast to the island's summit (312 m a.s.l.). A polar ordination, based on basal area data, arranged plots from the four inland forest types in a sequence from low to high elevation along one ordination axis, and from more mature to less mature along a second axis. Species richness increased with elevation. Several additional, non-forest vegetation types, including fern-and grass-dominated vegetation of inland B95023 Received 17 May 1995; accepted 27 October 1995 ridges and shrub-dominated vegetation of cliffs and rocky shores, were sampled semi-quantitatively and are also described.
INTRODUCTION
The Kingdom of Tonga consists of two parallel chains of islands that run roughly north and south, between 15-23° S latitude and 173-176° W longitude in the South Pacific Ocean (Fig. 1) . The sparsely-inhabited western chain consists of relatively young, active, mainly andesitic volcanoes up to 1030 m a.s.l. The densely-inhabited eastern chain consists of older, raised limestone islands up to 312 m a.s.l.
To date, there have been few published descriptions of the vegetation of Tonga. Uhe (1974) and Sykes (1981) have described the vegetation of the volcanic islands of Niuafo'ou and Late, respectively. The coastal communities of several small islets in the Tongatapu (Stoddart 1975; Ellison 1990 ) and Ha'apai (Woodroffe 1983 ) groups have been described. Palmer (1988) surveyed the least disturbed relictual stand of inland forest on the limestone island of Tongatapu. Straatmans (1964) and Sykes (1978) have published brief, qualitative descriptions of the vegetation of'Eua, which is Tonga's highest, oldest, and least disturbed large, limestone island. Whistler (1992) has reviewed the vegetation of Samoa and Tonga.
Although 'Eua has long been reputed to support the richest, most unique forest in Tonga (Sykes 1978) , no detailed, quantitative description of 'Eua's forest vegetation has ever been published. The rapid rate of forest clearing on 'Eua has recently begun to threaten its remaining stands of indigenous forest (Allen 1990) , increasing the need for such a description for scientific and conservation purposes. The purpose of this study was to describe the composition and distribution of the indigenous vegetation of 1932) : 1) the eastern terraces and coastal region, 2) the eastern ridge, 3) the dissected, western slope of the eastern ridge, 4) the western ridge and central valley, and 5) the western slope terraces and coastal region.
'Eua. A summary of the preliminary analysis of the data (Drake et al. 1990 ) was supplied to the Tongan Government and was used as a basis for establishing a national park on 'Eua in 1992.
STUDY AREA
Geology and soils 'Eua is a high island, roughly 81 km 2 in area, whose surface rises gradually from the west coast as a series of distinct terraces, to a high eastern ridge with a maximum elevation of 312 m a.s.l. (Hoffmeister 1932; Bryan et al. 1972; Wilde & Hewitt 1983) (Fig.   1) . East of the ridge, a series of steep cliffs, interrupted by narrow terraces, leads to the coast. Much of the terraced relief is the result of periodic, geologic uplifting of the island. Hoffmeister (1932) mapped five physiographic provinces on 'Eua: 1) the eastern terraces and coastal region, 2) the eastern ridge, 3) the dissected, western slope of the eastern ridge, 4) the western ridge and central valley, and 5) the western slope terraces and coastal region.
Although most of its surface is covered by limestone, 'Eua is unique among Tonga's limestone islands in that its core consists of volcanic rocks, and these form exposed outcrops along the eastern ridge and eastern cliffs (Hoffmeister 1932; Bryan et al. 1972) . Overlying the core, and forming additional outcrops along the eastern ridge and its margins, is a layer of Eocene foraminiferal and algal limestones. Overlying the Eocene limestones on the eastern ridge and its western slopes are Miocene submarine tuffs and tuffaceous limestone. Late Tertiary coral reef limestone comprises the bulk of the western ridge and central valley, and forms minor terraces along both coasts. Quaternary andesitic tephra forms a layer up to 2 m thick over most of the island, except in steep areas where it has been removed by erosion.
Most soils are derived from the young andesitic tephra with or without additional volcanic alluvium from older tephras (Wilde & Hewitt 1983) . Deeplyweathered soils from the tuffs comprising the core are found where the core forms outcrops along the eastern ridge. Volcanic and calcareous parent materials combine to form colluvial soils on steep slopes and at the bases of cliffs. Elsewhere, calcareous materials are not involved in soil formation, except as unconsolidated sand along the coasts. Development of distinct soil horizons decreases, and evidence of continual soil development due to downslope movement increases, with increasing steepness of slope. The majority of'Eua's soils are alfisols and mollisols, with inceptisols on the steep (> 30°) slopes and entisols (coralline sands) along some coasts (Wilde & Hewitt 1983) .
Climate 'Eua lies within the south-east tradewind zone, and winds blow from the easterly quadrant 65-75% of the time. Mean annual rainfall is approximately 2700 mm, of which roughly 2 A falls during the wet season of November to April (Thompson 1986 ). There is little seasonal variation in temperature. Sykes (1978) has remarked that the microclimate near the summit ridge appears cooler and moister than that at lower elevations.
METHODS

Data collection
In June and July 1990, forest vegetation was sampled in forty 600 m 2 plots (mainly 20 x 30 m), each located in a stand of forest representative of that found in the surrounding area. Stands that had obviously been disturbed by humans were avoided. For each plot, the precise location (on topographic map and aerial photo), elevation, aspect, slope, substrate (bare sand, limestone, volcanic soil), and canopy height were determined and all vascular plant species were recorded. A species list is presented in Appendix I. For all trees, diameters of all stems > 5 cm diameter at breast height (dbh) were measured. For individuals < 5 cm dbh, as well as shrubs, herbs, epiphytes, and lianas, a Braun-Blanquet semiquantitative estimate of cover was made for each species in each of several strata: shrub (c. 1 -3(-5) m), ground cover (< 1.0 m), epiphyte, and liana (Mueller-Dombois & Ellenberg 1974) . BraunBlanquet, semi-quantitative cover estimates were also made in seven 600 m 2 plots in non-forest vegetation. Detailed notes on species distribution and forest composition were also compiled for sites not sampled quantitatively. Most of the plots were located in the most extensive tracts of undisturbed forest along the eastern coast and terraces, the eastern ridge, and the steep ravines of the western slope of the eastern ridge. A few additional plots were located in smaller, disjunct stands of indigenous vegetation scattered throughout the island.
Data analysis
Relative basal area data for the 86 tree species recorded in the 40 plots that were sampled quantitatively were analysed using two-way indicator species analysis (TWINSPAN, Hill 1979) to identify species associations. Relative basal area data for 35 inland forest plots were also analysed using a Bray-Curtis polar ordination (ORDIFLEX, Gauch 1979 ) to identify gradients in species composition. The five coastal forest plots on coralline sands and raised limestone benches were excluded from the ordination because their dissimilarity to the 35 inland plots resulted in poor separation among the inland plots. End points of the first axis were the two plots that were most dissimilar to each other; end points of the second axis were the two remaining plots that were most dissimilar to each other and had first axis scores between 40 and 60. 
RESULTS
TWINSPAN identified six ecologically interpretable groups of plots at the third level of classification, with the three largest groups being divided into three additional subtypes at the fourth level (Fig. 2) . One plot (no. 34), containing a large, outlying coastal tree, was misclassified by TWINSPAN and, in the community descriptions below, is grouped based on its 68
New Zealand Journal of Botany, 1996, Vol. 34 position in the ordination. In general, TWINSPAN ordered the plots into groups reflecting a topographic sequence from the coast to the summit ridge. Characteristics of the six community types and their variants are outlined below. In the following descriptions, species within a given stratum are listed in order of decreasing relative basal area (trees) or Braun-Blanquet cover values (smaller species). For the dominant species, mean relative basal area (rba) and maximum dbh are given in parentheses (% rba, diam. cm).
I. Excoecaria-Tournefortia coastal forest is found at elevations < 5 m a.s.l. on raised limestone substrates that lack sand or soil. It exists in small, disjunct patches that combine to form a narrow band along the coast, though they rarely extend more than 20 m inland. There is often no beach along the seaward margin of these forest patches, and therefore exposure to waves and salt spray, particularly during storms, must be great. Species richness is low. Excoecaria agallocha (48%, 69 cm) and Tournefortia argentea (syn. Argusia argentea) (40%, 75 cm) dominate the canopy. Both are multistemmed trees that reach a height of 12 m. Hibiscus tiliaceus, another multi-stemmed tree, forms a somewhat lower middle stratum, which often includes Neisosperma oppositifolium, Schleinitzia insularum, and Morinda citrifolia. The shrub stratum contains scattered individuals of Bikkia tetrandra, Wollastonia biflora, Clerodendrum inerme, and Scaevola sericea, all of which are much more abundant in the strand vegetation (type VII) on the seaward margin of this forest. Terrestrial herbs, epiphytes, and lianas are rare.
II. Hernandia-Terminalia coastal forest is found at elevations < 5 m a.s.l. on sand substrates. Although this forest is somewhat sheltered behind sand beaches and strand vegetation, it is presumably strongly influenced by salt spray, and occasionally by large storms such as cyclone 'Ofa, which had obviously disturbed the understory of many littoral forest sites in January 1990. Species richness is greater than in the Excoecaria-Tournefortia coastal forest.
The III. Maniltoa-Pleiogynium lowland rain forest occurs only in the north-western quarter of the island along the western slope terraces and coastal region. This vegetation begins at the landward edge of the littoral forest, where sand or exposed limestone gives way to volcanic soils overlying limestone, and continues inland up to elevations of 60 m, on slopes ranging from 11-20°.
Here Myristica hypargyraea and Neisosperma oppositifolium, the dominant species of lowland rain forests over the rest of the island (see below), are completely absent. Instead, the dominant species are Maniltoa grandiflora (49%, 56 cm) and Pleiogynium timoriense (17%, 56 cm IV. Myristica lowland rain forest begins at the landward edge of the coastal forest, where sand or exposed limestone gives way to volcanic soils overlying limestone, and continues inland up to elevations of 110 m, on slopes ranging from 0-33° or more. It is found along the eastern slopes and terraces, western slope terraces, and coastal region, everywhere except in the north-western quarter of the island.
Myristica hypargyraea (53%, 97 cm) is the overwhelming dominant in this forest type, where no other species averages more than 13% rba. It is a In places (plots 9, 14), this forest type appears to be in a state of recovery from some past disturbance; here the leading dominant is Dendrocnide harveyi (57%, 112 cm). Dendrocnide harveyi saplings do not occur in the understory beneath a closed canopy of mature trees. Myristica hypargyraea is codominant in the upper stratum and abundant in the lower strata.
V. Calophyllum mixed upland rain forest occurs on volcanic soils overlying the limestone of the upper eastern terraces, the western slope of the eastern ridge, and upper portions of the ridge and ravine system of the central valley, at elevations of 100-180(-240) m, on slopes of 2-45°. The tree strata are quite rich here, and no one species comprises, on average, more than 12% of the relative basal area in this forest. Of the 15 plots classified into this type, eight different species were the leading dominant in at least one plot, and no one species was the leading dominant in more than three plots.
The most consistently abundant large tree is Calophyllum neo-ebudicum (11%, 91 cm); it is present in all plots, reaches a height of 35 m, and is typically represented in all size classes. Dysoxylum tongense (12%, 171 cm) is the most common co-dominant, and is present in 80 % of the plots. Other common canopy species (> 50 cm dbh) In places, this forest type appears to be in a state of recovery from some past disturbance, and here the leading dominants are either Dendrocnide harveyi (55%, 95 cm) with Bischofiajavanica (24%, 56 cm) (plots 7 and 8), or Rhus taitensis alone (65%, 99 cm) (plots 6, 23, and 24). Where present, these species combine to form > 65% of the relative basal area, though they are absent from all smaller size classes, which are instead dominated by the other tree species common to the Calophyllum mixed forest.
VI. Calophyllum-Garcinia upland rain forest occurs on volcanic soils overlying limestone, at elevations of 190-300 m, on slopes of 5^0°. It is found upslope of the Calophyllum mixed forest and reaches its greatest development mainly on the steep slopes near the summit of the eastern ridge.
Here, in contrast to the Calophyllum mixed forest below, the upper canopy is more strongly and consistently dominated by Calophyllum neoebudicum (27%, 76 cm), which is typically represented in all size classes. Other common large (> 40 In places (plots 2, 18, 35) where this forest type appears to be in a state of recovery from some past disturbance, the leading dominants are Alphitonia zizyphoides (33%, 76 cm) and Elattostachys falcata (11 %, 48 cm). These are absent from the smaller size classes, which are instead dominated by the other tree species common to Calophyllum-Garcinia forest. Alphitonia zizyphoides is less common outside disturbed upland forest, but E. falcata is often present in low numbers throughout the upland rain forest. X. Toafa (treeless) vegetation: Toafa vegetation occurs on deeply weathered soils on exposed, volcanic ridges. Although the exact composition of the toafa patches varies from place to place, the physiognomy is very consistent. A mixture of grasses, pteridophytes, and scattered woody species forms an upper stratum 0.5-1.5 m tall, beneath which numerous herbaceous and semi-woody species are found. Common species include the grasses Miscanthus floridulus and Paspalum conjugatum, the pteridophytes Dicranopteris linearis, Sphaerostephanos unitus, and Lycopodium cernuum, and the woody species Wikstroemiafoetida, Alphitonia zizyphoides, Psidium guajava, and Melastoma denticulatum. The mean number of species in five 600 m 2 plots was 26.4.
Trends
Results of the ordination corresponded well with the TWINSPAN analysis. Three of the major inland communities were spread, with little overlap, along the first axis (Fig. 3 ). An exception was one inland community (Maniltoa-Pleiogynium lowland forest), which appeared at the center of the ordination, because it lacked the dominant species of the plots that formed the end points.
The first axis score was positively correlated with elevation (first axis ordination score = 0.24 x plot elevation (m) + 15.3, n = 35, r 2 = 0.52, P < 0.001). This trend is further illustrated by the shift in dominance from Myristica hypargyraea to Calophyllum neo-ebudicum with increasing elevation in communities IV, V, and VI (Fig. 4) . Species richness in the forest plots increased with increasing elevation (n = 40, r 2 = 0.38, P < 0.001; Fig. 5 ), with plots near the summit of the eastern ridge having approximately twice as many species as occurred in plots near sea level. The second ordination axis appeared to correspond to degree of disturbance, with vegetation subtypes judged to be recovering from some past disturbance occurring high on the second axis, and older stands occurring lower (Fig. 3) . 
DISCUSSION
'Eua supports a variety of plant communities; some are relatively widespread throughout Western Polynesia, while others may be found nowhere else in the Pacific.
In general, 'Eua's coastal vegetation is similar to that found in strand habitats throughout the tropical South Pacific. Species such as Hernandia nymphaeifolia, Terminalia spp., Tournefortia argentea, and Scaevola sericea are common coastal dominants elsewhere in Tonga (Stoddart 1975; Woodroffe 1983; Ellison 1990) , as well as in Nauru and Kiribati (Thaman 1992) , Tuvalu (Woodroffe 1986 (Woodroffe , 1991 , Wallis, Futuna, and Alofi (Morat & Veillon 1985) , Fiji (Garnock-Jones 1978; Kirkpatrick & Hassall 1981; Ash 1992) , Samoa (Whistler 1980 (Whistler , 1983 , Tokelau (Parham 1971) , and the Cook Islands (Merlin 1991; Franklin & Merlin 1992) . In contrast, Excoecaria agallocha appears to be of limited importance outside Tonga.
Similarly, the treeless, toafa vegetation dominated by ferns (e.g., Dicranopteris linearis) and grasses (e.g., Miscanthus floridulus) frequently noted on 'Eua (Straatmans 1964; Sykes 1978; Whistler 1992) is also common on poor, volcanic soils elsewhere in the South Pacific. It occurs in Vanuatu (Schmid 1975) , Wallis, Futuna, and Alofi (Morat & Veillon 1985) , Fiji (Garnock-Jones 1978; Ash 1992) , Samoa (Whistler 1980) , the Cook Islands (Sykes 1978; Merlin 1985 Merlin ,1991 , and the Society Islands (Fosberg 1992) . 'Eua's secondary forests share many pioneer species with disturbed forests of other islands. For ex-ample, Alphitonia zizyphoides, Rhus taitensis, and Elattostachys falcata are among the dominants on the relatively young volcanic island of Late, and the latter two are dominant in the last relictual stand of inland forest on the limestone island of Tongatapu (Palmer 1988) . Straatmanns (1964) (Schmid 1975) , Wallis, Futuna, and Alofi (Morat & Veillon 1985) , and Samoa (Whistler 1980) .
In contrast to the secondary forests, 'Eua's oldgrowth inland rain forests bear little similarity to those of other regional islands. Several factors may account for the uniqueness of 'Eua's rain forests. Because the number of plant taxa in the Pacific generally decreases with increasing distance from Malesian source areas (van Balgooy 1971; Fosberg 1984; Stoddart 1992) , nearly every island or small archipelago has a somewhat unique flora and, therefore, vegetation. Large islands north and west of Tonga contain many of the dominant species of 'Eua's mature rain forest, however, these species are not dominant in these richer forests. For example, Samoa's Syzygium lowland forest is dominated by Syzygium inophylloides (uncommon on 'Eua), but also contains substantial amounts of two Tongan dominants, Myristica hypargyraea and Calophyllum neo-ebudicum (Whistler 1992) . In upland forests on Mt. Korobaba, Fiji, Calophyllum neo-ebudicum and Garcinia myrtifolia are common, but not dominant (Kirkpatrick & Hassall 1985) . Islands east of Tonga, such as the Cook Islands, simply lack many of the Tongan dominants (Merlin 1985 (Merlin , 1991 Franklin & Merlin 1992 ). Stoddart (1992) states that "there is no more dramatic biogeographic boundary in the Pacific than that between the southern Cooks and the southern Tongan islands." This discontinuity is at least partly a reflection of 'Eua's position on the eastern margin of the continental Indian-Australian Plate.
Other, non-biogeographic factors also contribute to 'Eua's uniqueness. Due to their combination of limestone substrate, elevation, and relief, raised limestone islands such as 'Eua, Makatea, and Mangaia tend to have distinctive floras (Stoddart 1992) . As a result, their vegetation bears little similarity to that of nearby volcanic or low coral islands. Thus, 'Eua's forests differ from those of the volcanic islands in Tonga, such as Late. Sykes (1981) (Orbell et al. 1985) to potentially support rain forest vegetation similar to 'Eua's. However, 'Uta Vava'u's vegetation is quite distinct because many of the dominant species of 'Eua's forests are rare or absent there (J. Franklin & D. Drake unpubl. data) . Given the uniqueness of'Eua's rain forest vegetation, the Tongan Government deserves praise for the foresight they have demonstrated through their ongoing efforts to protect a large tract of it in a national park. 
